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An in situ mesocosm system was designed to monitor the in situ dynamics of the microbial community in
polluted aquifers. The mesocosm system consists of a permeable membrane pocket filled with aquifer material
and placed within a polypropylene holder, which is inserted below groundwater level in a monitoring well. After
a specific time period, the microcosm is recovered from the well and its bacterial community is analyzed. Using
this system, we examined the effect of benzene, toluene, ethylbenzene, and xylene (BTEX) contamination on the
response of an aquifer bacterial community by denaturing gradient gel electrophoresis analysis of PCR-
amplified 16S rRNA genes and PCR detection of BTEX degradation genes. Mesocosms were filled with
nonsterile or sterile aquifer material derived from an uncontaminated area and positioned in a well located in
either the uncontaminated area or a nearby contaminated area. In the contaminated area, the bacterial
community in the microcosms rapidly evolved into a stable community identical to that in the adjacent aquifer
but different from that in the uncontaminated area. At the contaminated location, bacteria with tmoA- and
xylM/xylE1-like BTEX catabolic genotypes colonized the aquifer, while at the uncontaminated location only
tmoA-like genotypes were detected. The communities in the mesocosms and in the aquifer adjacent to the wells
in the contaminated area consisted mainly of Proteobacteria. At the uncontaminated location, Actinobacteria and
Proteobacteria were found. Our results indicate that communities with long-term stability in their structures
follow the contamination plume and rapidly colonize downstream areas upon contamination.
Benzene, toluene, ethylbenzene, and the xylenes (BTEX)
form one of the main groundwater contaminant groups. In situ
bioremediation, either active or passive, is increasingly being
applied as a technology for the treatment of BTEX-contami-
nated aquifers. BTEX are biodegradable under aerobic and
anaerobic conditions, and the technologies involved are be-
coming more reliable and accepted by the public (12, 28, 35).
Passive in situ bioremediation consists of monitoring natural
bioattenuation, i.e., the biological processes that act without
human intervention to reduce the mass and toxicity of the
contaminants in the aquifer. Active in situ bioremediation con-
sists of stimulation of the local microbial activity by the addi-
tion of nutrients and/or electron acceptors (12). In both cases,
an understanding of the response of the indigenous microbial
community to naturally occurring or human-implemented
changes in environmental conditions is of interest. Laboratory
microcosm studies provide insight into how a microbial com-
munity in the aquifer responds to specific treatments and help
in the development of hypotheses about the behavior and
functioning of the community under these treatments, but ul-
timately, the field relevance of a laboratory study must be
compared to field data (20). However, studies of aquifer mi-
crobiology in the field are hampered by (i) the reproducibility
of soil/aquifer sampling under in situ conditions due to soil
heterogeneity and (ii) the labor-intensive nature and high cost
of core drilling. Therefore, the use of partially enclosed, easily
sampled, outdoor experimental model ecosystems or in situ
mesocosms, which allow the exchange of matter and energy,
including nutrients, pollutants, and biota, with the surrounding
environment, is recommended. Recently, different in situ me-
socosm systems have been reported for aquifer studies, but
they were mainly designed to monitor in situ physicochemical
parameters (for a review, see reference 29). Recent advances
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such as nucleic acid-based fingerprinting techniques allow for
rapid assessments of changes in the structure of a complex
microbial community (24). However, the development and use
of in situ mesocosms for the study of microbial community
dynamics in aquifers by means of molecular techniques have
not been reported, and most data have been obtained from
arduous full-scale field studies.
For this study, an in situ mesocosm system was designed to
monitor the response of a bacterial aquifer community upon
contact with a BTEX-contaminated groundwater plume. This
is a typical situation found in the field when a migrating BTEX
plume reaches the uncontaminated area downstream of the
aquifer. The mesocosm system consisted of a membrane
pocket filled with aquifer material and contained within a
polypropylene holder. Identically treated mesocosms were in-
stalled into a monitoring well, and after each specified incuba-
tion period, one microcosm was recovered, DNAs were ex-
tracted from its contents, and the microbial community
structure was studied by the use of molecular tools. Mesocosms
filled with aquifer material from an uncontaminated area were
inserted into wells in the contaminated area of the same site,
and the in situ dynamics of the oligotrophic aquifer community
and the presence of specific BTEX-catabolic genotypes within
this community were monitored.
MATERIALS AND METHODS
Membrane materials for mesocosm manufacturing. Membrane materials
were purchased from Solana N.V., Schoten, Belgium, and included polypro-
pylene (PP), stainless steel (RVS), ethylene-tetrafluorethylene (FK1), polyester,
and polyamide (PA) with different mesh widths and open surfaces (Table 1).
Sorption of BTEX to membrane materials. Duplicate vials were filled with 5 g
of sterile H2O containing 7.5 g ml1 of each BTEX compound, and the
membrane material to be tested (1 cm2) was inserted. The vials were closed with
Teflon-lined butyl septa and crimp caps and left at room temperature while they
were regularly turned by hand. After 1 week, 1 ml of the aqueous phase was
injected into 4 ml of H2O. After spiking the sample with 7.4 l of an internal
standard (d10-ethylbenzene [20 ng l1]), we measured the BTEX concentra-
tions by headspace analysis on a MEGA 8000 TOP Series gas chromatograph
(Thermoquest CE Instruments, Rodano-Milan, Italy), as described previously (9).
Diffusion of contaminants and migration of bacteria through membranes. The
diffusion of 3-chlorobenzoate (3CBA) and Zn through membranes was examined
with a diffusion cell consisting of two rectangular 600-ml chambers separated by
a test membrane as described previously (36). Both chambers were filled simul-
taneously, one with 600 ml of sterile water and the other with 600 ml of a 3 mM
3CBA or 3 mM ZnCl2 solution in water. The 3CBA and Zn concentrations in
both chambers were measured over time by UV spectrometry (Ultraspec 3000,
Novaspec II; Pharmacia Biotech, Cambridge, England) at 240 nm and plasma-
emission spectrometry (Jarrell-Ash Atomcomp model 750; Thermo Optek, Brus-
sels, Belgium) at 213.8 nm, respectively. The mass transport coefficient K and the
diffusion rates of 3CBA and Zn, described as t95%, were calculated with the
following equations: S1(t)  S1(0)/2  [1  exp(2Kt95%/V)] and t95%  ln
0.05V/2K, in which S1(t) is the 3CBA or Zn concentration in chamber 1 (mM
liter1) at time t (h), K is the mass transport coefficient (liters h1), t95% is the
time at which 95% of the equilibrium in the exponential diffusion profile is
reached (h), and V is the volume of one chamber (liters). K was calculated by
fitting the equation through the measured concentration values by means of
nonlinear regression (36).
The migration of Pseudomonas putida P11, a ds-red-labeled derivative of P.
putida mt-2 (PaW1) (45), through the membranes was studied with the same
diffusion cell. Both chambers were filled with 600 ml of 10 mM MgSO4, and one
chamber was inoculated with strain P11 at an A600 of 1. The concentration of
strain P11 in both chambers was monitored over time by plating diluted samples
on Tris minimal medium (30) containing 3 mM benzoate, 35 g liter1 nalidixic
acid, and 25 g liter1 gentamicin. To study the migration of a bacterial aquifer
community through the membrane, we suspended 60 g of aquifer material in 600
ml of 10 mM MgSO4 by stirring for 2 h at room temperature. After 2 h of settling
of the soil particles, the suspension was transferred to the right chamber of the
diffusion cell while the same volume of MgSO4 was poured into the left chamber.
Eleven-milliliter samples were regularly removed from both chambers. Ten mil-
liliters of each sample was centrifuged for 15 min at 3,000 rpm, and the pellet was
frozen at 80°C for DNA extraction. From the residual 1 ml, a dilution series
was plated on 0.1 869 rich medium (30) for total CFU counting and on Tris
minimal medium exposed to BTEX vapors to count the BTEX-degrading CFU.
Both media were supplemented with 200 g ml1 cycloheximide. For growth in
the presence of BTEX, the Tris minimal medium agar plates were incubated in
closed 10-liter buckets in which the BTEX compounds were distributed via the
gas phase from a vial containing 31.2 mg liter1 benzene, 9.2 mg liter1 toluene,
and 1.1 mg liter1 each of m-, p-, and o-xylene (Janssen Chemica, Beerse,
Belgium) in 49.3 ml of vacuum oil (T.C.P.S. NV, Werchter, Belgium). The CFU
were counted after 1 week of aerobic incubation in the dark at 30°C.
Mesocosm design and field implementation. Figure 1 shows a map of the
BTEX-contaminated site used for aquifer sampling and implementation of the in
situ mesocosms. The site is an oil refinery site, situated in Northern Bohemia
(Czech Republic), containing a BTEX (mainly benzene)-contaminated ground-
water plume. The map shows the plume and the locations of sampling and
monitoring wells of relevance. An aquifer sample (A0Z) was taken by core
drilling with minimal heating of the core from the uncontaminated location A0
at a depth of 2.8 m on 11 December 2002. The soil was directly transferred from
the boring equipment to plastic bags, and stones and large soil particles were
removed under anaerobic conditions. The bags were sealed within a second
plastic bag and stored at 4°C prior to use. Cylindrical membrane pockets were
made from rectangular pieces (11 cm by 18 cm) of polyamide membrane 49 PA
6/5 and were closed at one side with a polyamide tie (Fig. 2A). Several identical
pockets were filled in an anaerobic chamber with either a nonsterile or sterile
A0Z aquifer sample. The sterile A0Z aquifer sample was obtained by autoclaving
the nonsterile aquifer sample twice at 120°C for 50 min in a Falcone autoclave
(LTE Scientific LTD, Greenfield, Oldham, Great Britain). After each pocket was
filled, the other side of the pocket was closed. The pockets were inserted into
TABLE 1. Characteristics of different membrane types used for the manufacturing of the in situ mesocosm systema
Membrane type
Mesh
width
(m)
%
Open
surface
Diffusion rate
(t95%) of
3CBA (h)b
Mass transport
coefficient (K)
(liters h1) of
3CBA
Diffusion rate
(t95%) of Zn
(h)b
Mass transport
coefficient (K)
(liters h1) of
Zn
Time (h)
for
equilibrium
migration
of one
bacterial
strain
Time (h)
for
equilibrium
migration
of a
bacterial
population
72 RVS 25/25 25 25 12 0.07 7.1 0.13 ND ND
72 RVS 140/32 140 32 4 0.22 ND ND ND ND
49 PA 1/1 1 0.8 140 0.01 ND ND ND ND
49 PA 6/5 6 5 55 0.08 35.5 0.03 25 25
49 PA 15/10 15 10 40 0.02 25.8 0.05 5 ND
49 PA 25/14 25 14 22 0.04 ND ND ND ND
a None of the membranes showed sorption of BTEX. Other membranes tested for sorption included polypropylene, ethylene-tetrafluorethylene, and polyester
membranes with different mesh widths and amounts of open surface. None of those materials showed significant sorption. ND, not determined.
b Number of hours after which 95% of the equilibrium (when the contaminant concentrations in both chambers were the same) was reached.
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polypropylene holders with a length of 12.5 cm, an outer diameter of 4 cm, and
an inner diameter of 3.2 cm that were perforated with 44 holes of 1.3 cm in
diameter (Fig. 2A). On both sides, the holders were closed with a cylindrical
closet of 0.5-cm thickness by means of a stainless steel pin. On 9 January 2003,
mesocosms with nonsterile and sterile material were positioned under the
groundwater table in monitoring wells PV-8809 and PV-8810, respectively, both
of which are located in the contaminated area A1. In addition, mesocosms
containing nonsterile material were installed in monitoring well PV-8811, located
in the uncontaminated A0 area. The wells had an inner diameter of 25 cm, and
several mesocosms were simultaneously implemented in the wells by use of a
device consisting of a stainless steel screw with two perforated stainless steel
plates of 23 cm in diameter. Each plate contained 10 holes (4.1-cm diameter in
the upper plate and 3.0-cm diameter in the bottom plate) to hold the mesocosms
(Fig. 2B). The top of the screw was attached to a stainless steel cable to insert the
system into and recover it from the well. At specified times, the mesocosms were
lifted together from their in situ positions, and one mesocosm was transported to
the laboratory on dry ice while the rest were directly reinserted into the well.
Samples were taken for plating, while the rest of the sample was immediately
stored at 80°C. The frozen aquifer in the membrane was crushed, and after
mixing with a sterile spatula, divided into Falcon tubes (2 g of frozen aquifer) and
stored at 80°C prior to DNA extraction. On 20 May 2003, fresh aquifer
material was sampled at locations A1 (A1Z material) and A0 by drilling just
adjacent to the wells containing the microcosms.
Monitoring of groundwater characteristics. Groundwater samples were regu-
larly taken from monitoring wells. BTEX concentrations in the groundwater
were determined by the modified US EPA 8260 method. The NO32 and SO42
concentrations were measured by method CSN EN ISO 10304, and the concen-
trations of NH4 and PO42 were measured by the modified CSN ISO 7150-1
and CSN EN ISO 1189 methods, respectively. The groundwater O2 concentra-
tion, temperature, redox, and pH were measured in situ by use of a multimeter
(pH/Oxi 340i; WTW, Weilheim, Germany). In situ measurements of the con-
ductivity were performed by use of a conductivity meter (LF 320; WTW, Weil-
heim, Germany). The chemical oxygen demand was determined by means of the
semimicro method HACH, TNV 75 7520, and the dissolved organic carbon was
measured with a special analyzer (total carbon monitor TCM 480; Carlo Erba
Instruments). The groundwater level was measured continuously by use of an
interface meter (IM-1; Geotechnical Instruments, Warwickshire, United King-
dom).
DNA extraction from soil. DNAs were extracted from 2 g of soil by use of the
following protocol, which was modified from the work of El-Fantroussi et al.
(10). Soil was suspended in 4 ml of Tris-glycerol buffer (10 mM Tris, 15%
glycerol, pH 7), and cells were lysed by mechanical disruption by glass beads
(0.10 to 0.11 mm) for 30 s (0°C) in a bead beater apparatus (B. Braun Biotech
International GmbH, Melsungen, Germany) followed by enzymatic lysis with
lysozyme (2 mg ml1; 30 min at 37°C). Sodium dodecyl sulfate and proteinase K
were added to final concentrations of 0.6% (wt/vol) and 0.1 mg ml1, respec-
tively, and the vials were incubated for 30 min at 50°C. Two milliliters of a
FIG. 1. Map of BTEX (mainly benzene)-contaminated site in the
Czech Republic showing the benzene contamination plume and indi-
cating relevant sampling locations and monitoring wells. The arrows
indicate the locations of A0 and A1. Numbers indicated with PV-, D-,
and HJ- show the positions of groundwater monitoring wells, with the
number below reporting the groundwater benzene concentration mea-
sured in that well in March 2003.
FIG. 2. (A) In situ mesocosm system consisting of a perforated
polypropylene holder and a permeable polyamide membrane (49 PA
6/5) pocket. (B and C) Implementation of mesocosms filled with aqui-
fer into monitoring well PV8809.
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NaKPO4 buffer consisting of 5.34 g Na2HPO4  2H2O and 4.08 g KH2PO4 in 500
ml H2O adjusted to pH 8.0 was added. The vials were placed on ice and subjected
to a second bead-beating step (30 s). Glass beads, soil, and cell debris were
removed by centrifugation (3 min at 18,000  g), and the crude DNA extract was
further purified by a single extraction with phenol-chloroform-isoamyl alcohol
(25:24:1). One gram of acid-washed polyvinylpolypyrrolidone (Sigma-Aldrich
NV/SA, Bornem, Belgium) was added to the DNA solution, and after incubation
for 30 min on ice, the polyvinylpolypyrrolidone was removed by centrifugation (3
min at 18,000  g). The DNA was precipitated with 2 volumes of 100% ethanol
(Merck KGaA, Darmstadt, Germany) and 0.1 volume of 3 M sodium acetate, pH
5.2 (Merck KGaA, Darmstadt, Germany), left overnight at 20°C, and subse-
quently washed with 70% ethanol. The DNA pellet was resuspended in 400 l of
Tris-EDTA buffer and cleaned by use of a Wizard column (Wizard DNA
clean-up system; Promega Corporation, Madison, Wis.). The DNA concentra-
tion in the 50-l soil extract was measured spectrophotometrically (Ultrospec
3000 UV/visible spectrophotometer; Pharmacia Biotech, Cambridge, England),
and ca. 6 to 31 g DNA g1 soil was obtained.
PCR. PCRs with the extracted DNAs were performed in 50-l reaction mix-
tures. A 496-bp eubacterial 16S rRNA gene fragment was amplified by use of the
primer set GC-63F/518R as described previously (11). The primer sets used for
the detection of the BTEX-catabolic genotypes are reported in Table 2 and were
applied in PCRs as follows. The xylM gene fragment was amplified with the
primer set TOL-F/TOL-R as described previously (3). The other primer sets
were newly designed primer sets that are described elsewhere (17). For the
TBMD-F/TBMD-R, TMOA-F/TMOA-R, TOL-F/TOL-R, XYLA-F/XYLA-R,
TODC1-F/TODC1-R, TBUE-F/TBUE-R, and TODE-F/TODE-R primer sets,
each PCR mixture contained 1.25 U exTaq polymerase (TaKaRa Ex Taq;
TaKaRa Shuzo Co. Biomedical Group, Japan), 10 pmol of the forward primer,
10 pmol of the reverse primer, a 200 M concentration of each deoxynucleoside
triphosphate, and 5 l of 10 exTaq reaction buffer (20 mM MgCl2). For the
XYLE-F/XYLE-R, XYLE2-F/XYLE2-R, and CDO-F/CDO-R primer sets, each
PCR mixture contained 67 mM Tris-HCl (pH 8.8), 16.6 mM (NH4)2SO4, 0.45%
Triton X-100, 0.2 mg gelatin ml1, a 120 M concentration of each deoxynucleo-
side triphosphate, 2 mM MgCl2, 10 pmol primer F, 10 pmol primer R, and 1.25
U Taq DNA polymerase. The primers were synthesized by Westburg (Leusden,
The Netherlands). The PCR temperature/time profile used for all primer sets,
except for the XYLE2-F/XYLE2-R pair, was an initial denaturation of 5 min at
95°C followed by 35 cycles of one denaturation step for 1 min at 94°C, one
annealing step for 1 min at the annealing temperature used for the particular
primer set (Table 2), and one elongation step for 2 min at 72°C. The last step was
an extension for 10 min at 72°C. The profile used for the XYLE2-F/XYLE2-R
primer set consisted of an initial denaturation step of 5 min at 95°C followed by
TABLE 2. Primer sets used for this study
Primer pair Protein or gene targeted Sequences (5-3)
PCR
annealing
temp
(°C)
Amplicon
size (bp)
Refer-
ence
TBMD-F/TBMD-R Subfamily 1 of -subunit of
hydroxylase component
of multicomponent
mono-oxygenases
GCCTGACCATGGATGC(C/G)TACTGG,
CGCCAGAACCACTTGTC(A/G)(A/G)TCCA
65.5 640 17
(GC-)TMOA-F/TMOA-Ra Subfamily 2 of -subunit of
hydroxylase component
of multicomponent
mono-oxygenases
CGAAACCGGCTT(C/T)ACCAA(C/T)ATG,
ACCGGGATATTT(C/T)TCTTC(C/G)AGCCA
61.2 505 17
TOL-F/TOL-R Subfamily 5 of hydroxylase
component of two-
component side chain
mono-oxygenases
TGAGGCTGAAACTTTACGTAGA,
CTCACCTGGAGTTGCGTAC
55 475 3
XYLA-F/XYLA-R Electron transfer
component of two-
component side chain
mono-oxygenases
CCAGGTGGAATTTTCAGTGGTTGG,
AATTAACTCGAAGCGCCCACCCCA
64 291 17
TODC1-F/TODC1-R Subfamilies D.1.B, D.1.C,
D.2.A, D.2.B, and D.2.C
of -subunits of type D
iron-sulfur
multicomponent
aromatic dioxygenases
CAGTGCCGCCA(C/T)CGTGG(C/T)ATG,
GCCACTTCCATG(C/T)CC(A/G)CCCCA
66 510 17
XYLE-F/XYLE-R Subfamily 1.2.A of catechol
extradiol dioxygenases
CCGCCGACCTGATC(A/T)(C/G)CATG,
TCAGGTCA(G/T)CACGGTCA(G/T)GA
61.5 242 17
XYLE2-F/XYLE2-R Subfamily 1.2.B of catechol
extradiol dioxygenases
GTAATTCGCCCTGGCTA(C/T)GTICA,
GGTGTTCACCGTCATGAAGCG(C/G/
T)TC
64 906 17
CDO-F/CDO-R Cdo (U01826) of subfamily
1.2.C of catechol
extradiol dioxygenases
CATGTCAACATGCGCGTAATG,
CATGTCTGTGTTGAAGCCGTA
58 255 17
TBUE-F/TBUE-R TbuE (U20258) of
subfamily 1.2.C of
catechol extradiol
dioxygenases
CTGGATCATGCCCTGTTGATG,
CCACAGCTTGTCTTCACTCCA
60 444 17
TODE-F/TODE-R TodE (Y18245), TodE
(Y18245), and TobE
(AF180147) of subfamily
1.3.B of catechol
extradiol dioxygenases
GGATTTCAAACTGGAGACCAG,
GCCATTAGCTTGCAGCATGAA
58 246 17
(GC-)63F/518Ra Eubacterial 16S rRNA
gene
CAGGCCTAACACATGCAAGTC,
TTACCGCGGCTGCTGG
55 455 11
a A 40-bp GC clamp (5-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG-3) was attached to the 5 end of forward primers TMOA-F and
63F (47).
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35 cycles of one denaturation step for 15 s at 94°C, one annealing step for 30 s
at 64°C, and one elongation step for 45 s at 72°C. The last step was an extension
for 3 min at 72°C. PCRs were performed on a Biometra (Go¨ttingen, Germany)
or Perkin-Elmer (Conn.) PCR machine. Checking of the PCR product sizes by
agarose gel electrophoresis was performed as described previously (38).
Denaturing gradient gel electrophoresis. Eubacterial 16S rRNA gene PCR
products obtained with the primer set GC-63F/518R were analyzed by denatur-
ing gradient gel electrophoresis (DGGE) in 8% polyacrylamide gels with a
denaturing gradient of 35% to 65% (100% denaturant gels contain 7 M urea and
40% formamide) as described by Muyzer et al. (31). PCR products obtained with
the GC-TMOA-F/TMOA-R primer set were analyzed in 6% polyacrylamide gels
with a denaturing gradient of 40% to 70% (17). In both cases, DGGE was
performed at a constant voltage of 120 V for 15 h in 1 Tris-acetate-EDTA
running buffer at 60°C on an INGENYphorU-2DGGE apparatus (INGENY
International BV, The Netherlands). The gels were stained with 1 SYBR gold
nucleic acid gel stain (Molecular Probes Europe BV, Leiden, The Netherlands)
and photographed as described previously (27). Photofiles were processed and
analyzed with Bionumerics software (version 2.50; Applied Maths, Kortrijk,
Belgium).
Sequence analysis of PCR-amplified 16S rRNA gene and xylE1 gene frag-
ments. PCR products obtained with the 16S rRNA gene primer set GC-63F/
518R and with primer set XYLE-F/XYLE-R were cloned into the plasmid vector
pCR2.1-TOPO by use of a TOPO TA cloning kit and TOP10 One Shot chem-
ically competent cells (N.V. Invitrogen SA, Merelbeke, Belgium) as described
previously (27). A selection of 16S rRNA gene clones and all xylE1 clones were
sequenced by Westburg (Leusden, The Netherlands) on both strands by use of
the primers M13Forward and M13Reverse. The DNA sequences obtained from
the cloned PCR products with the eubacterial 16S rRNA gene primers were
submitted to the “Chimera Check” program of the Ribosomal Database Project
II (Michigan State University, Mich.) to detect possible chimeras that could have
been formed during PCR (7). A similarity analysis of the DNA sequences was
obtained by applying the Advanced BLAST search program available from
GenBank (National Center for Biotechnology Information, Bethesda, Md.).
Nucleotide sequence accession numbers. The partial sequences of the se-
quenced 16S rRNA gene clones reported in this study are available in GenBank
under accession numbers AY465120 to AY465169, and the partial sequences of
the sequenced xylE1 clones are available under accession numbers AY513289 to
AY513296.
RESULTS
Selection of membrane type for mesocosm manufacturing.
The sorption of BTEX to the material used for mesocosm
manufacturing has to be avoided, as it will influence the supply
of BTEX to the bacteria inside the mesocosm. None of the
materials showed significant sorption of BTEX (Table 1 and
data not shown). A polyamide (PA) membrane was selected
for further research because of the durability of the material
and because this membrane type was available in various mesh
widths (from 1 m to 4,000 m) and degrees of open surface
(from 0.8% to 64.0%).
The diffusion of pollutants and the migration of bacteria
through different polyamide membranes was examined by us-
ing 3CBA and Zn as model contaminants. 3CBA, like BTEX,
consists of an aromatic ring but is less volatile and easier to
work with. Table 1 shows the diffusion rates and mass transport
coefficients for 3CBA and Zn obtained with the different mem-
brane types. As expected, the higher the percentage of open
surface, the faster the diffusion of 3CBA and Zn. Polyamide
membranes with a mesh width of 6 m and a percentage of
open surface of 5% (49 PA 6/5) and with a mesh width of 15
m and a percentage of open surface of 10% (49 PA 15/10)
were chosen to test the migration of bacteria through the
membrane, since these membrane characteristics allowed ac-
ceptable containment of the aquifer material and acceptable
diffusion rates of 3CBA and Zn. For membranes 49 PA 15/10
and 49 PA 6/5, the P11 populations in the left and right cham-
bers reached equilibrium after 5 and 25 h, respectively (data
not shown). In the case of the microbial community in the
aquifer, the numbers of CFU on diluted 869 medium and on
Tris minimal medium exposed to BTEX vapors were identical
at both sites with membrane 49 PA 6/5 after ca. 25 h (data not
shown). In addition, after 23 h the 16S rRNA gene DGGE
fingerprints of the bacterial community were identical for both
chambers. However, some bacterial populations seemed to
move more rapidly than others through the membranes, as not
all bands appeared at the same moment in the DGGE profile
for the uninoculated chamber (data not shown).
Use of in situ mesocosm system to monitor the effect of
BTEX contamination on the in situ dynamics of an oligotro-
phic bacterial community and its aerobic BTEX-catabolic gene
composition. On 9 January 2003, mesocosm pockets manufac-
tured from membrane type 49 PA 6/5 were filled with either
nonsterile or sterile A0Z aquifer material which was sampled
from the uncontaminated area A0. The mesocosms were po-
sitioned in the groundwater in monitoring wells PV-8809 (non-
sterile A0Z material) and PV-8810 (sterile A0Z material),
which were located in the contaminated area A1. Sterile and
nonsterile material was inserted to distinguish between adap-
tation of the original community and colonization by bacteria
from outside the mesocosm. Nonsterile A0Z aquifer material
was also inserted into monitoring well PV-8811 at the noncon-
taminated location A0 (Fig. 2). Eight to 10 identically treated
mesocosms were installed in each monitoring well. After 7 days
(16 January 2003), 21 days (30 January 2003), 56 days (10
March 2003), and 122 days (20 May 2003), one mesocosm was
harvested from each well, the DNAs were extracted, and the
eubacterial community structure and BTEX-catabolic gene
composition were examined by PCR amplification of either the
16S rRNA gene or BTEX-catabolic genes, followed by DGGE
analysis. The data were compared with those obtained from
fresh aquifer samples drilled on 20 May 2003 just adjacent to
the wells containing the mesocosms. The unweighted-pair
group method using average linkages (UPGMA) clustering of
the bacterial 16S rRNA gene DGGE patterns showed three
main clusters (Fig. 3). One cluster contained the DGGE pro-
files derived from the materials (initial A0Z material, meso-
cosm material, and adjacent fresh aquifer material) recovered
from the uncontaminated location A0. The second cluster con-
sisted of the profiles for the materials (mesocosm material and
fresh aquifer material) recovered from the contaminated aqui-
fer at location A1, and the third cluster contained the profile
for the mesocosm material inserted at the uncontaminated
location and sampled on 10 March 2003. This result showed
that at location A1, both the microbial community of the in-
serted sterile material and the nonsterile A0Z material evolved
into a rather stable community which was highly similar to that
of the adjacent aquifer but significantly different from the
communities at location A0. This indicates that the bacterial
community present in the contaminated A1 aquifer rapidly
colonized and dominated the A0Z material within the meso-
cosms when installed in the contaminated A1 location. At
location A0, the bacterial community in the mesocosms re-
mained similar to the original community throughout most of
the incubation period and showed a profile identical to that for
material drilled freshly from the adjacent aquifer on March 20.
Over time, the community patterns were quite similar, except
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FIG. 3. (A) UPGMA clustering of eubacterial 16S rRNA gene community fingerprints obtained from mesocosm aquifer material and fresh
aquifer material at different times. Clustering was based on the Pearson moment-based similarity coefficient. T0, 9 January 2003; T1, 16 January
2003; T2, 30 January 2003; T3, 10 March 2003; T4, 20 May 2003. PV8809 is the contaminated well at location A1 into which microcosms containing
nonsterile uncontaminated aquifer material were placed. PV8810 is the contaminated well at location A1 into which microcosms containing sterile
uncontaminated aquifer material were placed. PV8811 is the well located in the uncontaminated area A0 into which microcosms containing
nonsterile uncontaminated aquifer material were placed. The arrow indicates the dominant 16S rRNA gene band whose DNA showed 99% identity
with the 16S rRNA gene sequence of Pseudomonas sp. strain SE22#1a. (B) Eubacterial 16S rRNA gene community fingerprints for samples
obtained on 20 May 2003, with the cloned bands indicated (arrows). Based on BLASTN analysis, the 16S rRNA gene sequences corresponding
to the indicated bands matched best with other 16S rRNA gene sequences as follows (accession numbers with the best match are given in
parentheses): A0/1, Rhodococcus fascians ATCC 12974T (X81930); A0/2, Acidovorax sp. strain BSB421 (Y18617); A03, Rhodococcus sp. strain 5/14
(AF181690); A0/4, Rhodococcus sp. strain KU18 (AJ517832); A0/5, uncultured -bacterium clone KD5-43 (AY218738); A0/6, Pseudomonas
umsongensis Ps 3-10 (AF468450); A0/8, Pseudomonas sp. strain MSB2071 (AY275482); A0/9, Pseudomonas lanceolata ATCC 14669T (AB021390);
A0/10, Arthrobacter sp. strain CS16 (AY371258); A0/11, Zoogloea sp. strain BAL15 (U63941); A0/12, Pseudomonas sp. strain MWH1 (AJ556801);
A0/13, Rhodococcus sp. strain P_wp0233 (AY188941); A0Z/1, Rhodococcus fascians ATCC 12974T (X81930); A0Z/2, Bradyrhizobium sp. strain
Hambi 2145 (AJ132567); A0Z/3, Rhodococcus erythropolis DCL14 (AJ131637); A0Z/4, Rhodococcus fascians ATCC 12974T (X81930); A0Z/5,
Arthrobacter oxydans CF-46 (AJ243423); A0Z/6, uncultured beta-proteobacterium clone NMS8.125WL (AY043788); A0Z/7, Rhodococcus sp.
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for that for the samples harvested in March. This was espe-
cially the case for the sample obtained from the uncontami-
nated area, but some additional bands were also observed for
the mesocosm material sampled from the contaminated area.
A community analysis of samples taken from three different
parts of the mesocosms recovered on 10 March 2003 showed
that the community was the same all over each mesocosm
(data not shown).
In order to compare the evolution of genotypes involved in
aerobic BTEX catabolism at the different locations, we per-
formed PCRs with previously designed primer sets (Table 2).
The results are shown in Table 3. For both the sterile and
nonsterile A0Z aquifer samples inserted at location A1, mainly
xylM/xylE-like genotypes along with the tmoA-like genotype
were detected. These results corresponded well with the results
obtained for fresh aquifer samples taken in May. In contrast,
for location A0, the A0Z mesocosm samples and aquifer
showed tmoA-like genotypes but not xylM/xylE1-like geno-
types. Differences in tmoA diversity between samples were
analyzed by DGGE analysis of the tmoA gene amplicons (Fig.
4). The original A0Z tmoA gene DGGE profile did not change
throughout the experiment for microcosms implemented in the
noncontaminated well PV8811 and was similar to that for the
adjacent aquifer. In contrast, one strong additional DGGE
band appeared at the top of the profile (Fig. 4, arrow) for the
A0Z material inserted in the contaminated wells, generating a
profile similar to that for the surrounding aquifer. This extra
band remained over time. As observed for the community
fingerprints for both contaminated and uncontaminated sam-
ples, a difference in tmoA-like gene diversity profiles of the
contaminated samples was found between the samples har-
vested in March and those sampled in January and May.
Cloning and sequencing of amplified 16S rRNA gene frag-
ments. Clone libraries of the 16S rRNA gene PCR amplicons
obtained with the primer set GC-63F/518R were constructed
from all samples harvested on 20 May 2003. Sixteen and 22
clones were recovered from the microcosm and the adjacent
aquifer of the uncontaminated area, respectively. For the con-
taminated area, 21 clones were recovered from the microcosms
in monitoring well PV8809, 24 clones were recovered from the
microcosm in well PV8810, and 20 clones were recovered from
the aquifer adjacent to the wells. The DGGE profiles of the
clones were matched with the DGGE community profiles from
the materials of origin to identify the corresponding bands
(Fig. 3B). For all samples, almost all dominant bands were
recovered in the clone libraries. Most bands of the DGGE
profile obtained with material from the A0 area were repre-
sented by only one clone. In contrast, many clones from the A1
area matched the same bands in the A1 community patterns.
In particular, the dominant band indicated with an arrow in
Fig. 3A was represented many times in the clone libraries
derived from all three A1 samples (see Table S1 in the sup-
plemental material). A representative clone for each band was
sequenced for each soil sample. In cases of dominant bands,
more than one clone was sequenced.
The differences in the DGGE fingerprints observed between
samples recovered from the uncontaminated and contami-
nated areas were translated into clear differences in 16S rRNA
gene clone sequences between those samples (see Table S1 in
the supplemental material). The richness of 16S rRNA gene
sequences was higher in the uncontaminated location than in
the contaminated location. Actinobacteria (14 of 27 sequenced
clones) and Proteobacteria (13 of 27 sequenced clones) seemed
to constitute the two main groups of resident bacteria in the
absence of pollution. The Actinobacteria included bacteria re-
lated to Rhodococcus (11 sequenced clones) and Arthrobacter
(3 sequenced clones). The recovered 16S rRNA gene se-
quences of Proteobacteria were related to those of -Proteobac-
teria (Acidovorax, Zoogloea, Pseudomonas, and Aquaspirillum;
seven sequenced clones) and 	-Proteobacteria (six sequenced
clones). The microcosm material and fresh aquifer material
showed similar ratios of Actinobacteria to Proteobacteria. Sev-
eral identical sequences were found in the mesocosms and in
the aquifers adjacent to the monitoring wells. The 16S rRNA
gene sequences represented by bands A0/3, A0/13, A0Z/7, and
A0Z/10 in the DGGE profiles were related to sequences of
known hydrocarbon degraders (Rhodococcus sp. strain 5/14 [4]
and Rhodococcus sp. strain P_wp0233 [accession no. AY188941;
Ma et al., unpublished]), while the sequence of band A0Z/9
was related to the sequence of an uncultured bacterial 16S
rRNA gene clone, GOUTB17, derived from an in situ reactor
treating monochlorobenzene-contaminated groundwater (1).
The sequences recovered from location A1 were clearly less
diverse than those from location A0. Most 16S rRNA gene
sequences were related to those of Proteobacteria. Only one
clone sequence, i.e., the clone corresponding to band A1/3, was
closely related to a Rhodococcus 16S rRNA gene sequence.
Most Proteobacteria sequences were similar to those of 	-Pro-
teobacteria (Pseudomonas) (18 of 22 sequenced clones), and a
few were similar to those of -Proteobacteria (Acidovorax and
Zoogloea) (3 sequenced clones). All sequenced clones that
matched the dominant bands of the three soil samples (bands
A1/1, A1S/1, and A1Z/1) showed identical sequences, which
were 99% related to the 16S rRNA gene sequence of Pseudo-
monas sp. strain SE22#1a, a cold-tolerant, alpine soil Pseudo-
monas sensu stricto strain belonging to the fluorescens group
(accession no. AY263477; unpublished data). In addition to
those clones, the sequences of several other clones recovered
from inside the mesocosms and from the adjacent aquifer were
identical. The 16S rRNA gene sequences represented by bands
strain P_wp0233 (AY188941); A0Z/9, uncultured beta-proteobacterium clone C47.33PG (AF431314); A0Z/10, Rhodococcus sp. strain P_wp0233
(AY188941); A0Z/11, Acidovorax sp. strain G8B1 (AJ012071); A0Z/12, Pseudomonas sp. strain MWH1 (AJ556801); A0Z/13, Rhodococcus sp.
strain KU18 (AJ517832); A0Z/14, Arthrobacter sp. strain CS16 (AY371258); A1/1, Pseudomonas sp. strain SE22#1a (AY263477); A1/3, Rhodo-
coccus sp. strain Lgg15.6 (AJ489362); A1/4, Pseudomonas fluorescens DSM50108 (D86002); A1/5, Pseudomonas sp. strain GOBB3-103
(AF321030); A1/6, Zoogloea sp. strain BAL15 (U63941); A1/7, Pseudomonas sp. strain NAF88 (AJ271413); A1S/1, Pseudomonas sp. strain
SE22#1a (AY263477); A1S/2, Pseudomonas sp. strain NAF88 (AJ271413); A1S/4, Pseudomonas stutzeri API-2-142 (AJ410871); A1S/5, uncultured
bacterium clone ZZ14C11 (AY214196); A1S/6, Pseudomonas fluorescens DSM50108 (D86002); A1Z/1, Pseudomonas sp. strain SE22#1a
(AY263477); A1Z/2, Pseudomonas fluorescens DSM50108 (D86002); A1Z/3, uncultured bacterium clone ZZ14C11 (AY214196); A1Z/4, Pseudo-
monas sp. strain NAF88 (AJ271413); A1Z/5, Pseudomonas sp. strain MSB2074 (AY275484); A1Z/7, Pseudomonas sp. strain QSSC1-9 (AF170731).
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A1S/5 and A1Z/3 were related to the sequence of clone
ZZ14C11, which was obtained from benzene-contaminated
groundwater (accession no. AY214196; A. Alfreider, unpub-
lished data), while the sequences of the clones represented by
bands A1/7, A1S/2, A1S/3, and A1Z/4 were related to that of
Pseudomonas sp. strain NAF88, a polyaromatic hydrocarbon-
degrading bacterial strain (accession no. AJ271413; Duran,
unpublished data).
No identical sequences were recovered from the uncontam-
inated A0 area and the contaminated A1 area, showing that
the dominant populations at both sites are clearly different.
The similarity of the DGGE fingerprints and the identical
sequences found both inside and outside the mesocosms at the
contaminated site strongly indicate that the bacterial commu-
nity outside the mesocosm colonized the sterile and nonsterile
uncontaminated mesocosm material after its insertion into the
contaminated groundwater.
Cloning and sequencing of subfamily I.2.A catechol 2,3-
dioxygenase (C23O) (xylE-like) gene fragments. To compare
the xylE-like sequences from the inserted aquifer material ob-
tained on 20 May 2003 from wells PV8809 and PV8810 with
other xylE-like gene sequences recovered from xylE clones and
from BTEX-degrading organisms from the same site in other
studies (17, 18, 19), we cloned the xylE fragments obtained in
this study. All nine recovered clones were sequenced, and the
sequences were analyzed by BLASTX analysis. Clustering with
previously described C23O protein sequences showed that the
deduced protein sequences of the clones clustered around the
DmpB C23O sequence of P. putida CF600 (data not shown).
This cluster also contained the putative XylE protein se-
quences of three BTEX-degrading strains, i.e., Pseudomonas
veronii A1X/4B, P. putida A1Y11, and isolate 3YdBTEX2,
which were previously isolated from the contaminated A1 area
of the site (17, 18, 19). However, the deduced C23O sequences
obtained from the majority of BTEX-degrading isolates re-
ported by Junca and Pieper (19) from the same site clustered
in a second major C23O cluster (cluster 2) containing typical
C23O proteins, such as NahH of P. putida PpG7, XylE of P.
putida mt-2 (PaW1), and PhlH and XylE of P. putida H.
Physicochemical parameters of the groundwater. Most of
the physicochemical parameters of the groundwater, except
the temperature, were quite stable over time at both the con-
taminated and uncontaminated locations (see Table S2 in the
supplemental material). The temperature of the groundwater
behaved in a similar way in all wells during the period January
to June 2003. In January, the groundwater temperature was
about 9°C and then decreased to 7°C during February and
March. From April on, the temperature increased, reaching
11°C in June (data not shown). In the contaminated well,
anaerobic conditions prevailed (oxygen concentration, 0.04 to
0.23 mg liter1), while at the uncontaminated location, oxygen
was present at levels of 7.3 mg liter1 in January and 1.67 mg
liter1 in May. The groundwater levels were different but sta-
ble for the uncontaminated (about 2.25 m) and contaminated
(about 2.75 m) wells throughout the experimental period. At
the uncontaminated area, nitrate concentrations reached 40
mg liter1, while at the contaminated area they were never
higher than 1 mg liter1. All wells demonstrated significant
SO4
2 concentrations.
T
A
B
L
E
3.
R
es
ul
ts
of
PC
R
s
as
se
ss
in
g
th
e
B
T
E
X
-c
at
ab
ol
ic
ge
ne
co
m
po
si
tio
ns
in
th
e
in
si
tu
m
es
oc
os
m
m
at
er
ia
la
nd
aq
ui
fe
r
sa
m
pl
es
ob
ta
in
ed
at
di
ffe
re
nt
tim
e
po
in
ts
a
Pr
im
er
pa
ir
(d
et
ec
te
d
ge
ne
fa
m
ily
)
PC
R
re
su
lt
fo
r
un
co
nt
am
in
at
ed
ar
ea
A
0
PC
R
re
su
lt
fo
r
co
nt
am
in
at
ed
ar
ea
A
1
St
er
ile
A
0Z
m
at
er
ia
l
N
on
st
er
ile
A
0Z
m
at
er
ia
l
N
on
st
er
ile
A
0Z
m
at
er
ia
li
n
m
es
oc
os
m
s
in
w
el
lP
V
88
11
N
on
st
er
ile
A
0Z
m
at
er
ia
li
n
m
es
oc
os
m
s
in
w
el
lP
V
88
09
St
er
ile
A
0Z
m
at
er
ia
li
n
m
es
oc
os
m
s
in
w
el
lP
V
88
10
A
1Z
m
at
er
ia
l
Ja
n
9
Ja
n
9
M
ay
20
Ja
n
16
Ja
n
30
M
ar
ch
10
M
ay
20
Ja
n
16
Ja
n
30
M
ar
ch
10
M
ay
20
Ja
n
16
Ja
n
30
M
ar
ch
10
M
ay
20
M
ay
20
T
B
M
D
-F
/T
B
M
D
-R
(t
bm
D
)







(
)
(
)







T
M
O
A
-F
/T
M
O
A
-R
(t
m
oA
)































T
O
L
-F
/T
O
L
-R
(x
yl
M
)
















X
Y
L
E
-F
/X
Y
L
E
-R
(x
yl
E
l)
















a
A
ll
sa
m
pl
e
da
ta
w
er
e
fr
om
20
03
.


,
st
ro
ng
si
gn
al
;

,
si
gn
al
;
(
),
w
ea
k
si
gn
al
;

,
no
si
gn
al
.
N
o
si
gn
al
s
w
er
e
ob
ta
in
ed
w
ith
th
e
pr
im
er
se
ts
X
Y
L
A
-F
/X
Y
L
A
-R
(x
yl
A
),
T
O
D
C
1-
F
/T
O
D
C
1-
R
(t
od
C
1)
,
X
Y
L
E
2-
F
/
X
Y
L
E
2-
R
(x
yl
E
2)
,T
B
U
E
-F
/T
B
U
E
-R
(t
bu
E
),
T
O
D
E
-F
/T
O
D
E
-R
(t
od
E
),
an
d
C
D
O
-F
/C
D
O
-R
(c
do
).
3822 HENDRICKX ET AL. APPL. ENVIRON. MICROBIOL.
 o
n
 N
ovem
ber 11, 2015 by University of Queensland Library
http://aem
.asm
.org/
D
ow
nloaded from
 
DISCUSSION
In this study, we describe the design of an in situ mesocosm
system and its use in combination with the application of mo-
lecular ecology techniques to study bacterial community dy-
namics in aquifers. More specifically, we examined the effect of
a BTEX-contaminated groundwater plume on the in situ dy-
namics of an oligotrophic aquifer community and on the dy-
namics of specific BTEX-catabolic genotypes within this com-
munity.
The present study demonstrates that the mesocosm system
allowed us to monitor the on-site dynamics of an aquifer mi-
crobial community over time since the same microbial com-
munity and BTEX-catabolic genotypes were found inside the
mesocosms and in the adjacent aquifer at both the contami-
nated and uncontaminated areas. We believe that the rele-
vance of the mesocosm system is specified by the membrane
used for the construction of the membrane pockets. The poly-
amide membrane used for this study allowed the migration of
bacteria, nutrients, and contaminants between the material
inside the mesocosm and the bulk aquifer. This membrane is
available with many different mesh widths, which can be used
to control the migration of specific biotic micro- and mesofau-
nal species (21). For example, mesocosms can be used to ex-
amine the role of subsurface protozoa on the microbial com-
munity structure or to determine the effects of in situ
physicochemical conditions on genetically engineered micro-
organisms used for aquifer bioaugmentation by containing
them within the mesocosm.
Our results indicated that (i) downstream aquifer material
will be rapidly colonized by bacteria from the contaminated
upstream area, (ii) the new community remained stable over
an extended time period, (iii) Pseudomonas spp. were the
dominant species involved in the colonization, (iv) obligate
anaerobic bacteria such as sulfate-reducing bacteria (SRB) did
not dominate the community, and (v) changes in the BTEX-
catabolic genotype structure reflected the community change.
The rapid colonization of the mesocosm material by the
community present in the aquifer environment suggests that
bacteria that are present in an upstream pollutant plume will
colonize downstream nonpolluted material when it becomes
contaminated. However, in our case, the bacterial community
from the uncontaminated aquifer inserted in mesocosms in-
stalled in the contaminated area was directly exposed to ex-
tremely high BTEX concentrations. This might have caused a
direct elimination of the resident bacteria and an overgrowth
by bacteria from the A1 area which were already adapted to
the high BTEX concentrations, for example, by displaying high
solvent tolerance mechanisms (22, 23, 39, 40) . In reality, a
more gradual increase in the contaminant concentration oc-
curs, allowing a more gradual adaptation of the original pop-
ulation to the contamination. The fact that the colonization
occurred so rapidly might be an indication that resident bac-
teria were indeed eliminated. On the other hand, the fact that
the same bacteria colonized both the sterile and nonsterile
aquifers in the mesocosms cannot exclude that a community
similar to the community of A1 evolved from the inserted A0
community.
The observation that the new bacterial community remained
stable over a 122-day period was possibly due to the fact that
most environmental parameters remained quite stable during
the incubation period. Interestingly, in the samples from
March, the bacterial community seemed slightly different from
that at other time points, which may have been due to the
lower groundwater temperature recorded in March 2003.
A characterization of the bacterial communities revealed a
much richer community in the uncontaminated area than in
the contaminated location. For the uncontaminated area, se-
quences related to both Proteobacteria and Actinobacteria
(Rhodococcus and Arthrobacter) were obtained, while at the
contaminated location almost all sequences were related to
Proteobacteria (mostly fluorescent Pseudomonas). This is in
contrast to the results of Shi et al. (41), who found that fuel-
contaminated and noncontaminated aquifer materials demon-
strated similar relative abundances of Proteobacteria and gram-
positive bacteria. Both Pseudomonas (13, 41, 42) and
Rhodococcus (8, 14, 16, 22) have been reported to include
members that are able to degrade BTEX and other organic
pollutants. Fluorescent Pseudomonas strains, especially P.
FIG. 4. UPGMA clustering of DGGE fingerprints of the tmoA-like PCR amplicons obtained with primer set GC-TMOA-F/TMOA-R from
DNAs extracted from the aquifer materials in the mesocosms and from fresh aquifer materials at different times. Clustering was performed by using
the Pearson moment-based similarity coefficient. T0, 9 January 2003; T1, 16 January 2003; T2, 30 January 2003; T3, 10 March 2003; T4, 20 May
2003. The wells of origin are indicated as described in the legend to Fig. 3. The arrow indicates the DGGE band which appeared when
uncontaminated aquifer material from A0Z was placed into the wells located in the contaminated area A1.
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putida strains, are often isolated as BTEX degraders from
BTEX- and gasoline-contaminated sites. This study shows that
they are also relevant in subsurface environments under con-
ditions of high BTEX contamination and, hence, high growth
substrate concentrations and a low availability of macronutri-
ents. In particular, members of Pseudomonas fluorescens and
the closely related P. veronii were recovered. Strongly related
strains (99% 16S rRNA gene identity) have been previously
isolated from the same aquifer from drilled samples (17, 18,
19). Interestingly, although P. fluorescens is mainly found in
plant ecosystems, it has also been recovered from another
aquifer that is highly contaminated with BTEX (D. Springael,
unpublished results). Pseudomonas spp. are known for their
rapid growth, while gram-positive strains such as Rhodococcus
are slow growers (13, 43). The high availability of BTEX
growth substrates might have been favorable for Pseudomonas,
which may also generally be more resistant to solvents (39, 40).
A large number of the reported organic solvent-tolerant bac-
teria are indeed Pseudomonas strains, especially P. putida
strains, although benzene-tolerant gram-positive bacteria have
also been reported (34, 44).
Although the dissolved oxygen concentrations were low, we
did not detect 16S rRNA gene sequences related to those of
obligate anaerobic bacteria such as sulfate-reducing bacteria
(SRB) and Fe(III) reducers belonging to the genus Geobacter.
In addition, no denitrifying bacteria belonging to the genera
Thauera and Azoarcus (both -Proteobacteria) were detected.
All of these different bacterial groups contain isolates with the
ability to degrade BTEX under anaerobic or anoxic conditions
(2, 37, 46). In the uncontaminated zone, oxygen was detected
in the groundwater. Oxygen was also present upstream of the
contamination plume (M. Cernik, unpublished results). Oxy-
gen inhibits the activity of anaerobes but is typically only avail-
able at the fringe of the contaminant plume (28). Rapid con-
sumption of the incoming oxygen possibly occurs, sustaining
aerobic BTEX degradation (32, 33). Furthermore, the concen-
tration of nitrate was low at the contaminated area but high at
the uncontaminated well, indicating that the rapid consump-
tion of incoming nitrate occurred in the contaminated area,
which might have sustained the oxygen-requiring but nitrate-
enhanced degradation of BTEX under hypoxic conditions, i.e.,
conditions with low concentrations of dissolved oxygen, as re-
cently described for Ralstonia pickettii PKO1 and other aerobic
BTEX degraders (25). Although sulfate was present at con-
centrations sufficient for the degradation of BTEX by SRB, the
absence of SRB might be explained by the toxic concentrations
of BTEX. BTEX degradation by SRB is mostly reported for
relatively low BTEX concentrations of ca. 10 ppm and lower
(46). Moreover, SRB, methanogenic bacteria, and Fe(III)-
reducing bacteria are only active at redox potentials of

200 mV (28, 37, 46), and the redox potential of the
groundwater in our study was highly variable but always
positive (data not shown). Our data show that aerobic bac-
teria were dominant in the aquifer. The presence of anaer-
obic organisms, however, cannot be excluded. This can be
examined by using PCR detection methods targeting specific
anaerobic organisms such as SRB or targeting genes in-
volved in anaerobic degradation (5).
Regarding BTEX-catabolic genes, the community in the
contaminated area was especially characterized by the appear-
ance of xylM/xylE (C23O)-like genotypes, as these genotypes
could only be recovered from the contaminated area. Both
locations contained tmoA-like genotypes. No other BTEX-
catabolic genotypes were detected. The occurrence of the
xylM/xylE-like genotypes can be related to the dominant bac-
teria present at the contaminated site, i.e., fluorescent pseudo-
monads. Indeed, xylM/xylE-like genotypes have been found for
fluorescent pseudomonads such as P. putida (18). Recently,
gene fragments corresponding to toluene 4-mono-oxygenase
(TmoA) and catechol 2,3-dioxygenase (XylE) were detected by
PCR in BTEX-polluted groundwater samples (6) and were
associated with indigenous BTEX-degrading Pseudomonas
strains. The site used for the present study contained mainly
benzene, which cannot be degraded by XylM/XylA-like mono-
oxygenases, but rather is degraded by TmoA-like mono-oxy-
genases and TodC1-like dioxygenases. Therefore, rather than
the appearance of the xylE/xylM genotype, the stronger tmoA
PCR signal and the additional DGGE band appearing in the
DGGE profiles of mesocosm and aquifer materials from the
contaminated area may represent the adaptation of the com-
munity to benzene. The appearance of xylE/xylM genotypes in
the community upon contamination might be due to the fact
that the contamination plume at A1 also contains toluene.
Interestingly, many BTEX-degrading isolates from that loca-
tion with similar xylE genes were able to consume both toluene
and benzene (17, 18, 19). Previously, Guo et al. (15) found that
the concentrations of the tmoABCDE and xylE genes were
significantly higher in contaminated subsurface samples col-
lected along a BTEX concentration gradient at a fuel oil-
contaminated site than in noncontaminated samples. The site
was mainly contaminated with m- and p-xylene. The clear ap-
pearance of the tmoA- and xylM/xylE-like genotypes in these
different studies suggests the contribution of these genes to
community adaptation to BTEX in the field.
In contrast to the 16S rRNA gene-based DGGE patterns,
the DGGE patterns of tmoA-like genes of samples from A0
and A1 showed some common bands. This incongruence be-
tween 16S rRNA and tmoA-like gene-based DGGE finger-
prints suggests the presence of very similar or identical tmoA-
like genes in phylogenetically distinct bacteria. The occurrence
of highly similar functional genes in different bacteria has been
shown before and can be explained by the horizontal transfer,
either as a recent or an ancient event, of these catabolic genes
among bacteria in the aquifer ecosystem (26).
In conclusion, the designed in situ mesocosm system, in
combination with PCR-DGGE analysis of the eubacterial 16S
rRNA genes and the BTEX-catabolic genotypes, was shown to
be an appropriate tool for monitoring bacterial community
dynamics in a BTEX-contaminated aquifer. This new in situ
monitoring technique can be applied to more easily study the
dynamics of actively degrading microbial populations in aqui-
fers in situ and to monitor their metabolic markers during in
situ bioremediation. As an example, using the in situ meso-
cosm approach, we are currently looking at the response of the
resident BTEX-degrading community at the Czech site to bio-
stimulation by adding N and P nutrients.
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